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I. MOTIVATION
Atomic layer deposition ͑ALD͒ has already emerged as the prime candidate for depositing of critical ultrathin layers in semiconductor manufacturing, including metallic diffusion barrier layers, high K dielectrics, and optoelectronic materials.
1,2 ALD holds similar promise in other technology frontier areas such as microelectromechanical systems ͑MEMS͒ and biotechnology. [3] [4] [5] The power of ALD comes from the self-limiting nature of the ALD deposition reaction: unlike chemical vapor deposition ͑CVD͒, precursors are supplied to the reactor in alternating sequences during the ALD process, rather than simultaneously as in CVD. As each reaction between precursor and the substrate surface is selflimiting, in principle only one monolayer of film will grow in one process cycle.
In practice a variety of effects-steric hindrance, density of adsorption sites, temperature-dependent adsorption/ reaction, precursor decomposition, etc.-complicate the situation, so that the thickness per cycle depends on some of these conditions. [6] [7] [8] Nevertheless, a linear relationship is commonly found between film thickness and cycle number, at least when deposition is carried out sufficiently past the nucleation regime. The overall self-limiting character of ALD reaction processes produces excellent conformality, precise thickness control, and high uniformity, features which have stimulated intense efforts to master ALD for manufacturing. Direct observations of ALD surface chemistry during dynamic process cycles in a manufacturing prototype reactor could enable both fundamental scientific understanding and elucidation of manufacturing issues.
II. SENSOR APPROACHES FOR REAL-TIME ALD DIAGNOSTICS
A number of in situ characterization methods have been applied to study the process chemistry and reaction mechanism in ALD process. Quartz crystal microbalance ͑QCM͒ is probably the most widely used method so far, 1,5,9,10 achieving sensitivity to adsorption/reaction during ALD half-cycles a͒ Permanent address: ITC-IRST, 38050 Povo, Trento, Italy.
b͒ Author to whom correspondence should be addressed; electronic mail: rubloff@umd.edu by measuring the change in mass and associated acoustic resonant frequency of a quartz crystal as caused by ALD deposition. While QCM measurements have some limitations ͑e.g., dependence on gas viscosity and pressure, film stress, and ambient temperature͒, it is a powerful method for real-time sensing of ALD surface reaction phenomena. QCM poses considerably more serious challenges for use in manufacturing, since it indicates deposition on the QCM crystal rather than the wafer. Furthermore, QCM is difficult to implement in an ALD reactor design from the standpoint of reactor design and sensor maintenance. Other diagnostic methods, which can be used in situ for ALD, employ optical, surface analytical, and electrical measurements, including Fourier transform infrared ͑FTIR͒ spectroscopy, 11 Auger electron spectroscopy ͑AES͒, 12,13 reflectance difference spectroscopy ͑RDS͒, 14 surface photoabsorption ͑SPA͒, 15 and electrical resistivity measurement. 16 However, these techniques have also been limited to a research context, and they pose serious problems for integration into manufacturing. By providing quantitative, chemically specific information as an in situ sensor, quadrupole mass spectroscopy ͑QMS͒ presents extensive real-time information regarding process chemistry, reactor condition, and wafer state metrology. It is readily integrated with manufacturing tools, serving widely for contamination control, fault detection, and advanced process control applications in semiconductor manufacturing. Quantitative use of QMS in chemical processes has led to demonstrations of thickness/deposition rate metrology with precision of order of 1% and to associated endpoint control in a variety of semiconductor manufacturing processes, [17] [18] [19] including thermal and plasma-enhanced chemical vapor deposition. QMS has also proven of substantial value in tracking ALD process chemistry for a significant variety of ALD processes, such as Al 2 O 3 , TiN, Ti͑Al͒N, and others. [20] [21] [22] [23] [24] [25] [26] [27] However, the direct observation of process dynamics is not easy to achieve because of the relatively short exposure time required for ALD manufacturing. In addition, given the constraints of ALD reactor design and required throughput for manufacturing, the path for implementing QMS as a realtime sensor in wafer-scale manufacturing is unclear. Extending the real-time sensing, metrology, and process control benefits of QMS to wafer-scale manufacturing is the motivation for the present research. We have integrated a differentially pumped QMS system to a custom ultrahigh-vacuum ͑UHV͒ based ALD reactor, and used it to study tungsten ALD process dynamics. The results apply QMS to a wafer-scale reactor system, using reactant fluxes and exposure times compatible with the QMS response times ͑of order of 1 s͒. This strategy directly reveals the dynamics of the ALD surface reactions. From this, we are able to straightforwardly optimize ALD process recipes. The results also indicate how relative gas doses for the two ALD reactants influence growth and uniformity across the wafer.
III. EXPERIMENT

A. ALD reactor
ALD experiments were conducted in a custom ALD reactor system constructed to ultrahigh-vacuum ͑UHV͒ standards ͑turbopump and backing mechanical pump͒ to enhance process cleanliness. The load-locked system is depicted schematically in Fig. 1͑a͒ . Wafers ͑4 in. diameter͒ are transferred from the load lock chamber to rest on a substrate heater in the reactor. To enclose a small reaction volume at the wafer, a movable cap is then driven down to cover and enclose the wafer, using a pneumatically activated motion device. This establishes a small ͑about 0.4 l͒ ALD minireactor configuration in which deposition takes place, as seen in Fig. 1͑b͒ . Reactant and purge gases are introduced to and removed from the minireactor through tubes below and further to gas delivery and mechanical pumping systems, operated under viscous flow conditions. The small volume enables relatively rapid cycling of gases in the minireactor, with a gas residence time of 0.16 s. When the reactor is not processing, the reactor cap is lifted so that the ALD minireactor is pumped by the main UHV system. Photos of the ALD chamber and minireactor are shown in Fig. 2 .
The ALD minireactor uses substrate heating comprised of a commercial, enclosed heater element wound in a spiral groove in a stainless steel holder. A thermocouple attached to the center of minireactor base is used for temperature control. A SensArray™ wafer instrumented with thermocouples was used to measure differences across the wafer and between wafer and the process thermocouple permanently affixed to the heater block as a reference during normal processing. The latter, referred as the nominal process temperature in this article, indicated 325°C for an actual temperature on the thermocouple wafer of 350°C, accompanied by Ͻ10% temperature difference across the wafer ͑in°C ͒. This is comparable to the thermal gradient ͑about 27°C͒ for a process temperature of 325°C between center and edge of the stainless steel heater block supporting the wafer. The minireactor is capable of operation in either viscous ͑higher pressure͒ or molecular ͑lower pressure͒ regimes and in different modes. The cap seals the minireactor reasonably well, so that a 3 torr pressure inside the minireactor produces about only 5 ϫ 10 −4 torr in the chamber outside the minireactor. By lifting the movable cap at the end of an ALD halfcycle, the lower pressure within the vacuum chamber but outside the minireactor serves as a vacuum ballast, dramatically accelerating the purge cycle which follows reactant exposure. Alternatively, the minireactor may be used in a more conventional viscous flow mode, with gas simply entering and leaving the minireactor from external gas delivery and pumping systems. The latter is the operational mode employed in the present work.
B. Mass spectrometry sampling system
A QMS sampling system was implemented downstream of the wafer to sense chemical constituents being exhausted from the minireactor, using a 300 amu closed-ion source ͑CIS͒ Inficon Transpector™. The sampling manifold and pumping system for the QMS is designed to execute the sampling as close to the reactor as possible in order to reduce sensor response time and to maintain an adequate pressure transduction between the process environment ͑ϳ3 torr͒ and the QMS environment ͑Ͻ10 −5 torr͒. Further details of the ALD system and QMS sampling designs will be presented in a subsequent publication.
C. Wafer preparation and process condition
All experiments presented here were performed on 4 in. ͑100 mm͒ Si͑100͒ wafers with 500 Å thermally grown SiO 2 . The wafers were treated in dilute HF solution to provide a suitable surface condition for nucleating the W ALD reaction. HF solution is known to break Si-O bonds to form Si-H and Si-OH bonds, 28 facilitating the nucleation. Wafers were dipped in HF : H 2 O=1:25 solution for 30 s and then blown dry in N 2 before introducing them through the load lock. The etch rate of the dilute HF solution on thermally grown SiO 2 is about 100 Å / min, 29 so the as-prepared wafers for ALD studies had a somewhat thinner SiO 2 layer ͑about 450 Å͒ with exposed Si-H and Si-OH bonds on the surface. Reactants used as ALD precursors were WF 6 and dilute SiH 4 ͑1% SiH 4 with 99% N 2 ͒. Research grade Ar gas was used as a carrier gas ͑99%͒ during WF 6 exposure and as the purge gas between reactant half-cycles, while the N 2 diluent in the SiH 4 source served as its carrier. Thus both precursors had 1% concentration in their diluents. Wafers were first exposed to SiH 4 to deposit Si species before the first WF 6 exposure. The nominal process temperature was 325°C, which corresponds to an actual wafer temperature Ϸ350°C, as determined by using a thermocouple wafer. The default dynamic process cycle is given in Table I . Unless otherwise specified, all the experiments reported here were conducted under these default process conditions. 
D. Film characterization
Ex situ film characterization included both electrical and compositional measurements for the ALD film. A custom four-point probe resistance probe scanned the wafer surface to obtain a sheet resistance map, thus indicating both thickness and uniformity for the ALD film. For each 4 in. wafer, the map consisted of 608 measurements evenly distributed across the wafer surface.
Film chemical composition was measured by dynamic secondary ion mass spectrometry ͑SIMS͒. SIMS measurements were carried out using a Cameca SC Ultra at 1 kev of Cs + primary beam impact energy and monitoring the secondary MCs + molecular ions ͑where M is the element of interest͒. This analytical method strongly reduces matrix effects associated with dynamic SIMS and allows quantitative depth profiles to be obtained. 30, 31 The primary beam was rastered over an area of 250ϫ 250 m 2 and the secondary ions were collected from an inside area of 100ϫ 100 m
2 . An electron beam was used to compensate charging effects which can occur at the insulating silicon oxide layer.
In order to evaluate the tungsten film thickness all the analyses were stopped at the tungsten/silicon dioxide interface, identified as the 50% decrease of the WCs + signal. Then the crater depths were measured by a mechanical profilometer ͑Tencor P15͒.
IV. RESULTS
A. Dynamic chemistry in W ALD process
For W CVD process using WF 6 and SiH 4 at process temperatures below 400°C, SiF 4 and H 2 are the main byproducts, following the overall reaction 3 SiH 4 +2 WF 6 → 2 W+3 SiF 4 +6 H 2 , with very little HF generation. 32, 33 One can imagine that ALD behaves in a similar fashion chemically as does CVD, except that the state of the reaction is maintained the same at all surface sites. Therefore, we expected SiF 4 and H 2 as primary by-products in W ALD from WF 6 and SiH 4 . Indeed, previous W ALD studies using WF 6 and Si 2 H 6 also revealed H 2 and SiF 4 as reaction by-products. 12, 26 Dynamic mass spectrometry results through a single W ALD cycle are shown in Fig. 3 , obtained after previous cycles to establish a steady-state pattern. For low wafer temperature ͑60°C͒ as shown in Fig. 3͑a͒ , little surface reaction is seen for either the SiH 4 or WF 6 exposures. The SiH 4 reactant is seen clearly, with an accompanying H 2 signal as expected from the molecular fragmentation which occurs as part of the ionization process in the mass spectrometer. During the WF 6 exposure cycle, a modest WF 6 signal is observed when data are plotted with log scale, along with a comparable amount of SiF 4 ͑although both species are almost invisible on linear scale͒. Consistent with our previous experience in mass spectrometric sensing of these processes, we attribute the existence of broad WF 6 , SiF 4 , and HF traces in Fig. 3͑a͒ to wall reactions in the system, in which WF 6 is adsorbed on walls, reacts with SiH 4 there, and provides a slowly varying background. Since both SiH 4 and WF 6 reactants are introduced at 1% concentrations with their carrier gases, the difference in signals between them is associated not only with different cross sections for mass spectrometry but also with more subtle-but important-wall reactions which occur in such systems, at chamber walls and delivery tubes.
Upon increasing the wafer temperature to 325°C nominal process temperature, the spectra change profoundly, as seen in Fig. 3͑b͒ . Reaction product signals for the half-cycles are now clearly seen, including H 2 product signal from SiH 4 exposure and SiF 4 product signal from WF 6 exposure. These signals are considerably larger than those attributed to low temperature wall reactions in Fig. 3͑a͒ . Although a previous study showed that SiF 4 was produced when SiH 4 was exposed to a fluorinated tungsten surface, 33 we find only a very small SiF 4 signal peak during SiH 4 exposure in Fig. 3͑b͒ , which is negligible compared to the SiF 4 peak that is generated by WF 6 exposure. This suggests that the majority of fluoride atoms are released during the WF 6 exposure, forming SiF 4 , rather than during SiH 4 exposure under our process conditions. The signal level of another possible by-product, HF, is found only at the noise level throughout the ALD cycle, indicating that little or no HF is generated in the surface reaction, consistent with previous studies. exposure, the SiH 4 reactant signal is weak ͑at the noise level͒ due to depletion, while the H 2 reaction product signal increases rapidly as it is released by surface reaction. The H 2 product signal increases to a plateau, then decreases sharply, consistent with saturation of the surface reaction. This selflimiting feature of the reaction half-cycle is precisely what distinguishes ALD. Analogous behavior is seen for the WF 6 half-cycle exposure, where the SiF 4 signal increases sharply upon WF 6 exposure, then decreases sharply as the surface reaction is completed. Unfortunately the WF 6 signal is small, as discussed above, and cannot be seen on the linear scale of Fig. 3͑b͒ , though it is more apparent on a log scale.
The SiH 4 precursor signal, seen in Fig. 3͑b͒ after completion of the surface reaction, decreases rapidly to noise level when the inert gas purge step begins. The response time of this signal ͑ϳ2 s͒ demonstrates the fast gas switching achieved in the ALD reactor, which is reached because of the small volume ͑0.4 l͒ of the minireactor and the relative large gas flow ͓100 SCCM ͑standard cubic centimeter per minute at STP͔͒. Figure 4͑a͒ demonstrates the linear relationship between film thickness and the cycle number for W ALD process at 325°C. Following a nucleation regime of about 20 ALD process cycles, the deposition thickness is linear in the number of cycles, with more than one monolayer deposited in each cycle; this is consistent with other W ALD work under similar temperature region. 34 Detailed mechanisms are discussed below.
B. W ALD film deposition
This W ALD process displays good uniformity ͑10% thickness variation͒ across 4 in. wafer, as shown in Fig. 4͑b͒ . Based on profilometry thickness measurement, spreading resistance wafer maps obtained with a four-point probe indicate that the resistivity of W ALD film is around 157 ⍀ cm.
While this value is considerably larger than that for bulk W resistivity ͑5.29 ⍀ cm͒, it is close to the resistivity value reported for W ALD films in Ref. 11 ͑122 ⍀ cm͒. It is conceivable that this difference may be associated with microstructure and/or impurity effects.
C. ALD process cycle time optimization
Minimizing reactant exposure and purge time is critical in ALD to achieve sufficiently high throughput for manufacturing. The detailed process dynamics revealed by real-time QMS sensing can be used for ALD process cycle time optimization, since the self-limiting surface reaction is directly observed, as seen in Fig. 3͑b͒ .
Under the experimental conditions of Fig. 3͑b͒ , the surface reaction time for SiH 4 exposure is about 10 s, while the surface reaction time for WF 6 exposure is about 8 s. Both of these are significantly less than the exposure times assigned in the process recipe in Fig. 3͑b͒ . Furthermore, the SiH 4 reactant signal decreases to noise level in about 3 s during the purge, again smaller than the purge time used; we expect a similar situation for the WF 6 purge cycle. This means that the overall process cycle time can be substantially reduced, for both reactant exposure cycles and both purges, thereby increasing throughput. Reactant exposure times were decreased to 10 s for SiH 4 exposure and 8 s for WF 6 exposure for the QMS results shown in Fig. 5 . This causes little change in the QMS signals for the H 2 and SiF 4 product signals ͑though of course the SiH 4 reactant signal is not visible after SiH 4 reaction saturation because the exposure cycle is then terminated͒.
D. ALD depletion
A primary character of ALD is its ability to achieve good conformality and uniformity, so that reactant depletion phenomena which limit traditional chemical vapor deposition processes are avoided. However, this character is achieved only when the self-limiting reaction characteristics of each half-cycle exposure are attained, which in turn defines a minimum exposure dose of reactants ͑pressureϫ time͒ that must be met or exceeded at each point on the wafer. Our reactor geometry offers a path to observe this situation directly through across-wafer uniformity measurements carried out by postprocess sheet resistance mapping. Figure 6 shows the sheet resistance profiles across the 4 in. wafer along the gas flow direction for a 70 cycle W ALD deposition process at various exposure times, for constant flow rates, temperature, and pressure conditions. From Fig. 3͑b͒ we know that the minimum exposure times for surface saturation at these conditions are 10 s SiH 4 exposure and 8 s WF 6 exposure. The QMS results identify these as saturation exposures for the entire wafer ͑and indeed, surrounding areas at temperatures near to the wafer temperature͒. Accordingly, profiles for ͓SiH 4 :WF 6 ͔ = 15: 20 s and 10: 8 s are quite flat ͑uniform͒ across the wafer in the gas flow direction. However, reducing these exposure times to ͓8:6 s͔ and ͓5:4 s͔ cause substantial thinning of the deposited W film in the downstream region of the wafer. This is because an insufficient number of reactant molecules ͑expo-sure dose͒ have been introduced to the reactor to achieve saturation across the entire surface, so that average deposition per cycle or average thickness after multiple cycles must be less than that expected for full saturation coverage on each half-cycle. Furthermore, since the 3 torr pressure regime is not fully in the molecular flow regime and the gas flows from one side of the wafer to another, the incomplete deposition is reflected as depletion across the wafer; i.e., the reactant in each half-cycle is preferentially consumed by the upstream side of the wafer, leaving inadequate reactant to achieve saturation exposures at the downstream side.
In the discussion of Fig. 3͑b͒ above, we noted that ͓SiH 4 :WF 6 ͔ = 10: 8 s exposures produced saturation coverage during the two half-cycles. This is confirmed by Fig. 6 , which demonstrates that smaller exposures degrade the deposited film thickness. Clearly the QMS sensor measures integrated reaction product generation, and it appears to do so independent of details of gas transport, such as the flow across the wafer surface.
E. Precursor dose effects
The above results show that sufficient precursor exposure times for each reactant are needed to achieve surface reaction saturation if the benefits of ALD are to be reached. Accordingly, further shortening of process cycle time should be possible using higher reactant gas flows. This is illustrated in Fig. 7 , where increasing WF 6 flow rates at constant total pressure causes more rapid saturation of the surface reaction in WF 6 exposure, evidenced by the faster rise and fall of SiF 4 QMS reaction product signatures. duced a saturation coverage condition for that half-cycle, but accomplished this in a shorter time, then there should be no change in the behavior for the SiH 4 half-cycle represented in Fig. 7 , in contradiction to experiment.
The H 2 product data in Fig. 7 demonstrate that more complex behavior occurs. Sheet resistance mapping reveals that with 5 SCCM WF 6 flow rate or higher, W film uniformity degrades significantly and the average film thickness also decreases. Figure 8 shows the dependence of the integrated H 2 product signal generated by the SiH 4 exposure half-cycle as a function of the WF 6 flow rate, consistent with the results of Fig. 7 . In addition, Fig. 8 demonstrates that for a 70 cycle W ALD process with all other process parameters constant, increasing WF 6 flow rate leads to decreasing film thickness, again a result in apparent contradiction to the simple picture of ALD. These surprising observations suggest that the ALD process may involve more complex dose dependencies between the two exposure half-cycles involved in the ALD process.
While a credible chemical pathway to explain this is not certain at this time, one can imagine the higher WF 6 exposures could lead to multilayer coverage on the surface above that expected for single-layer saturation, and that the SiH 4 exposure results in Figs. 7 and 8 are a consequence. Multilayer coverage involving, e.g., the WF 6 exposure could depend on flow rate or concentration of the WF 6 dose at given temperature, as occurs for physisorbed or chemisorbed layers in steady-state equilibrium between adsorption and desorption in the case of desorption isotherms for simple surface behavior. For example, as indicated in the schematic picture of Fig. 9 , incident SiH 4 could lead to film formation and H 2 product generation at surface sites where only a single layer was produced by the WF 6 exposure, but that other sites with multilayer WF 6 might block the deposition reaction and lead to desorption of other products. This picture is merely a suggestion of the kinds of complexity suggested by the data and by the possibility of imperfect selflimiting adsorption/reaction for an ALD half-cycle.
F. Temperature effects
Process dynamics revealed by QMS show a distinct temperature dependence, as illustrated in Fig. 10 . Higher temperatures cause increasing generation of reaction products as seen for both WF 6 and SiH 4 exposure half-cycles. Figure 11 illustrates SIMS tungsten depth profiles for four W ALD samples grown with the same number of ALD cycles but at different deposition temperatures. The data clearly show an increase of film thickness with deposition temperature, verifying the in situ QMS measurements. Fluorine profiles, not shown in the plot, have a considerable low level ͑Ͻ5%͒ throughout the ALD film with a pileup at the tungsten/oxide interface, indicating chemical residuals left on the substrate after the cleaning procedure before the ALD process. Increasing ALD growth rates with temperature have been previously reported in various ALD processes, including W ALD using WF 6 and Si 2 H 6 . A natural explanation for this behavior is that the surface reactions which transform species and cause product desorption are thermally activated, leading to a notable temperature dependence. In Fig. 12 the ALD growth rates obtained from reaction product signals in QMS are used to derive thermal activation energies for the growth on Arrhenius plots, which are about 2.57 kcal/ mol for the SiF 4 signal ͑WF 6 exposure͒ and 2.05 kcal/ mol for the H 2 signal ͑SiH 4 exposure͒. The activation energy obtained from the SIMS data in Fig. 11 is about 3.04 kcal/ mol.
Previous work 34 under molecular flow conditions showed that the WF 6 sticking coefficient on a Si 2 H 6 saturated surface is dependent on surface temperature, with an activation energy of 3.1 kcal/ mol in the temperature regime of 200-300°C. It has also been found that when Si 2 H 6 exposure is large ͑greater than 300 L, where 1 L = 1 ϫ 10 −6 torr l͒, the Si 2 H 6 adsorption rate on the WF 6 -saturated surface increases with increasing process temperature and the activation energy for Si 2 H 6 adsorption is 2.6 kcal/ mol. The temperature dependence of growth rate is consistent with our result.
On the other hand, more complex explanations may not be ruled out at this point: e.g., if the reaction half-cycles entail some multilayer adsorption as depicted in Fig. 9 , higher temperature could volatilize the additional layers and recover chemical reactivity for a larger fraction of the surface, thereby enhancing deposition rates. If one were to presume the kinetics for SiH 4 and Si 2 H 6 adsorptions on a WF 6 -saturated surface to be similar, then it may be tempting to attribute the QMS-derived activation energies to multilayer adsorption/reaction in support of this explanation.
V. DISCUSSION
A. ALD process dynamics and kinetics
The ALD reactor employed here, and particularly its incorporation of real-time, in situ chemical sensing by QMS, provide a revealing and fairly direct picture of ALD process dynamics. The surface reaction saturation phenomena for which ALD is so strongly pursued are revealed directly, allowing process recipe optimization as well as a number of other possibilities, e.g., advanced process control. Depletion effects across the wafer for limited exposure dose situations confirm the depletion phenomena which should be expected if each exposure half-cycle starves the surface with precursor supply short of saturation amounts.
B. Temperature dependence
The temperature dependence of ALD deposition rates observed here ͑Figs. 10-12͒ is most readily attributed to activation energies for half-cycle adsorption/reaction. While this may be managed in manufacturing process equipment through highly uniform wafer temperatures, thermal nonuniformities will compromise the uniformity expected from an ideal ALD process. Indeed, the simplest picture of the ALD process envisions self-limiting surface adsorption/reaction which is fully transport limited, and where adequate exposure times need simply be chosen, so that uniformity is fully assured by self-limiting surface adsorption/reaction. In other words, the temperature dependence of ALD deposition dem- onstrates that while ALD offers many profound advantages, it is not a perfectly robust solution for materials deposition.
C. Exposure dose dependence
The indications of dose dependence and interaction between the complementary half-cycle doses ͑Figs. 7-9͒ represent another complexity of ALD. While some chemisorption systems are nearly ideal in achieving self-limiting adsorption, ALD chemistries may well involve multilayer adsorption and consequent reaction complexity with manifestations in dose interactions between the two exposure half-cycles. This is certainly a challenge to disentangle, and also a potential limitation in ALD manufacturability. On the other hand, the stochastic nature of reactant impingement guarantees that possible formation of multilayers will lead to such complexity: to achieve complete coverage or reaction of one precursor, exposure must be carried out until every surface site has been reacted, or material defects ͑e.g., unoxidized metal atom͒ may result. These dependences of ALD results on exposure dose and on temperature represent potential limitations to realizing the full benefit of ALD, and thus deserve further detailed study.
D. Chamber wall reactions
The ALD process deposits material on internal surfaces of the reactor, as well as on the wafer. This is evident at the surfaces maintained at or near the wafer deposition temperature. These surfaces include areas of the substrate heater and the cap assembly which surrounds wafer to create an ALD minireactor environment. Since the QMS measures product species associated with half-cycle reactions wherever they occur in the reactor, it actually monitors ALD processes on both the wafer surface and on neighboring hot surfaces. To the extent that chamber wall surfaces thus participate in the ALD process, they simply enlarge the active area of the wafer insofar as QMS results are concerned, with two caveats. First, if the temperature of the parasitic surfaces differs substantially from the wafer temperature, the QMS signal intensity, dynamics, and perhaps even component distribution could be affected. Second, since a load-locked system is employed in our reactor, each wafer has a starting surface different from the steady-state surface conditions achieved after ALD cycling, while these additional surfaces remain in steady state through a sequence of wafers.
To first order it appears that reactions associated with heated internal surfaces of the reactor behave similarly to those on the wafer surface. ALD dynamics as seen by the QMS are well behaved and as expected, without, e.g., long tails of products after the end of a half-cycle which might have suggested different reaction kinetics on internal, nonwafer surfaces.
Details in Figs. 3 and 6 confirm that the reaction rates on wafer surface and heated reactor internal surface are comparable, and that the process dynamics seen by QMS depicts wafer surface reaction with adequate accuracy. Results in Fig. 3 , and the accompanying discussion, show that the QMS signal did not differ between the ͓15: 20 s͔ and ͓10: 8 s͔ cases, and the corresponding across-wafer thickness profiles in Fig. 6 are consistent with this. However, upon further reducing exposures to ͓8:6 s͔ and ͓5:4 s͔ we found that the QMS signals decreased notably, and the effects of this are thus seen in Fig. 6 . Thus the QMS indicates when changes in deposition occur, even in the presence of additional reacting surface areas; of course the location of deposition rate changes cannot be inferred simply from the QMS data, but are found directly in the postprocess thickness maps. In summary, the additional heated surfaces where ALD occurs behave to first order as areal extensions of the wafer surface, and they do not adversely affect our ability to exploit QMS for real-time ALD sensing and metrology.
VI. CONCLUSIONS
We have demonstrated in this work that the details of ALD process dynamics can be directly observed through real-time QMS sensing. The QMS results are consistent with ex situ postprocess thickness and uniformity measurements, thus confirming the value of QMS as a quantitative predictor of wafer state, as needed for advanced process control.
The immediacy of conclusions which can be drawn from this real-time sensing enhances process learning in two ways. First, direct observation of surface saturation for each halfcycle enables the optimization of exposure and purge times in order to minimize ALD cycle time, a critical requirement for ALD manufacturability. Second, the QMS sensing provides a means to assess more subtle interactions which occur in ALD, such as imperfect surface saturation and interactions between exposure-dose recipes for the two reactant species used.
In addition, these results point the way to further accomplishment in understanding and developing ALD processes. Real-time QMS sensing, shown to be a useful indicator of wafer state ͑e.g., thickness, deposition rate͒, provides a basis for metrology and process control applications to be reported elsewhere. The UHV character of the reactor design presents an attractive means for elucidating process chemistry in further detail. And the flexibility of the minireactor design, based on a movable cap enclosing the wafer in a small volume, enables exploration of various modes of equipment and process cycle operation, including the use of the vacuum ballast outside the ALD cap region for enhancing gas pumping in some process cycles, and comparison of ALD processes at different pressures, from viscous to molecular flow.
